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SUMMARY

Theoretical and experimental force-displacement and force-current data are compared for

two configurations of a simple horseshoe, or bipolar, magnetic actuator. One

configuration utilizes permanent magnet wafers to provide a bias flux and the other

configuration has no source of bias flux. The theoretical data are obtained from two

analytical models of each configuration. One is an ideal analytical model which is

developed under the following assumptions: (1) zero fringing and leakage flux, (2) zero

actuator coil mmf loss, and (3) infinite permeability of the actuator core and suspended

element flux return path. The other analytical model, called the extended model, is

developed by adding loss and leakage factors to the ideal model. The values of the loss

and leakage factors are calculated from experimental data. The experimental data are

obtained from a magnetic actuator test fixture, which is described in detail. Results

indicate that the ideal models for both configurations do not match the experimental data

very well. However, except for the range around zero force, the extended models produce

a good match. The best match is produced by the extended model of the configuration

with permanent magnet flux bias.

INTRODUCTION

This paper presents theoretical and experimental force-displacement and force-current

data for two configurations of a simple horseshoe, or bipolar, magnetic actuator. One

configuration utilizes permanent magnet wafers to provide a bias flux and the other

configuration has no source of bias flux. The theoretical data are obtained from two

analytical models of each configuration. One is an ideal analytical model which is

developed under the following assumptions: (1) zero fringing and leakage flux, (2) zero

actuator coil mmf loss, and (3) infinite permeability of the actuator core and suspended

element flux return path. The ideal models for each configuration are developed using the

approach detailed in reference 1. The other analytical model, called the extended model,

is developed by adding loss and leakage factors to the ideal model. The values of the loss

and leakage factors are calculated from experimental data. The experimental data are

obtained from a magnetic actuator test fixture, which is described in detail.



ANALYTICAL MODELS

In this section analytical models of two configurations of a simple horseshoe, or bipolar,

magnetic actuator are developed. One configuration, shown schematically in figure 1, has

no source of bias flux. The other configuration, shown schematically in figure 2, utilizes

permanent magnet wafers mounted on the pole faces to provide a bias flux. The

analytical models consist of an ideal model and an extended model. The ideal model is

developed using the approach detailed in reference 1 under the following assumptions:

(1) zero fringing and leakage flux, (2) zero actuator coil mmf loss, and (3) infinite

actuator core and suspended element flux return path permeability. The extended model

is developed by adding loss and leakage factors to the ideal model.
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Figure 1.- Magnetic Actuator with No Flux Bias
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Figure 2.- Magnetic Actuator with Permanent Magnet Flux Bias

2



Magnetic Actuator With No Flux Bias

Ideal Model.- Taking the line integral around the contour shown in figure 1 results in

H ,, dg = 2Hg g g + Hag a + H g, (1)
C

where Hg is the magnetic field intensity in the air gap, gg is the length of one air gap, Ha

is the magnetic field intensity in the actuator core, ga is the length of the contour in the

actuator core, /4 is the magnetic field intensity in the suspended element, and g, is the

length of the contour in the suspended element. Magnetic actuators are designed to

operate about a nominal specified gap, which will be defined as go. If up is defined as

positive in figure 1, the air gap length, gg, can be written in terms of go as

gg = go -x (2)

where x is the displacement of the suspended element with respect to go. Using the

relationship

results in

_H • dg = I J "nda
C S

2Hggg + H_g_ + I-I,g, = Ni

(3)

Using the constitutive relationship

(4)

= (5)

where ¢t is the permeability of the media being considered, equation (4) can be written as

2Bggg +/lo((_-_)g _ +(B'lg,)=\y,) _oNi (6,

Since /_ and/_, are assumed to be infinite and B_ and B are finite inside the actuator

core and suspended element flux return path, the term ¢t0((_)g a +(B]g,),l,t,) becomes

zero. Solving for the magnetic flux density in the actuator gaps results in

B x - I't°Ni (7)
2gg



Fromreference1theforceproducedby themagneticactuatorcanbewrittenas

F - I't°Ax(Ni)2 (8)

Using equation (7), the force as a function of flux density becomes

F., -B2Au (9)

Extended Model.- In a typical magnetic actuator with a ferromagnetic core and

suspended element flux return path, the permeability is relatively large but finite. Also,

there are actuator coil mmf losses. In order to account for these effects, loss factors can

be added to the ideal model. Since the permeability of the core and suspended element
// -, / --, \

flux return path is large, the term p0[[Ba/ga +[B"/g,/is relatively small and can be

tp=) )
combined with the term 2Bug x and accounted for by the introduction of the loss factor K_.

To account for actuator coil mmf losses, the loss factor Ki is introduced. Adding K_ and

Ki into equation (6) results in

2KaB ggg = floKiNi (10)

The flux in the gaps becomes

B g - fl°KiNi (11)
2K_[g

Equation (11) can be further simplified by defining the combined loss factor, K L, as

KL= K' (12)
K_

Equation (11) then becomes

Bg - I't°KLN-------_i (13)
2gg

and the actuator force, from equation (9), becomes

F =PoAg(KLNi) 2 (14)
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Magnetic Actuator With Permanent Magnet Flux Bias

Ideal Model.- Using equation (3) and taking the line integral around the contour shown in

figure 2 results in

2Hggg + 2H.,g., : Ni (15)

In order to determine the permanent magnet operating point, i is set to zero and equation

(15) becomes

Hg_ g., (16)

H g_

Also, the flux in the air gaps is equal to the flux through the permanent magnet wafers

BuA u = B.,A., (17)

which can be written as

B u _ A., (18)
B.n A

g

Combining (16) and (18) results in

gg Vg B./4 (19)

where Vln and Vg is the volume of the permanent magnet and air gap respectively. A good

approximate model for a permanent magnet made of hard magnetic material, such as

Samarium Cobalt or Neodymium Iron Boron, is shown in figure (3).
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Figure 3.- Ideal B-H Curve For Neodymium Iron Boron

The flux in the magnet can be written as

B =/_H +B,. (20)

B
where /_,, = -", B,. is the residual induction, and//_ is the coercive force. The normal

Hc
approach in a permanent magnet flux bias design is to minimize the volume of permanent

magnet material. From equation (19) it can be seen that in order to minimize V,,, the

energy product, B H, must be maximized. Substituting from equation (20), the energy

product, B H, becomes

B J4 - B,H,_, + B,H (21)
Hc

The energy product is max when d(BH,,) _ 0
dH,,

d( B,,H,, ) _

dH.,
(22)

From equation (22)

Hc

H - (23)
2

and B becomes (from eq. (20))



B
13 = -'--: (24)

2

From equations (5) and (16)

Bg = -_t0H., g'' (25)
gg

Substituting from equation (20) and rearranging terms results in

From equation (17)

(26)

Bg = B., A., (27)

In most permanent magnet flux bias actuator designs (including the actuator used in the

test fixture described in this paper)

A.,=Au=A a (28)

Also, for permanent magnet material

_t° = 1 (29)

Substituting equations (27), (28), and (29) into equation (26) results in

8., = (30)
gg

Substituting equation (24) into equation (30) results in

g., = gg (31)

At the specified operating point, from equation (2), g., becomes

g., = go (32)

From equations (5) and (20), equation (15) can be written as
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2Bg+ 2_°° )(B,,,-Br)g,,=l.loNi (33)

Rearrangingtermsandsubstitutingfrom equation(17)resultsin

B = (34)

g21 g+l olCZgl mIkP,,,)ka,,,)

Equation (34) can be further simplified by substituting equations (28) and (29)

Po(Ni-_ 2Brg" I
) (35)

Bg = 2(g u + g,,,)

The actuator force, from equation (9), becomes

PoAx Ni + 2B,.g,,

F,,, = P0 (36)

4(gg + g,,,)2

Extended Model.- Adding the loss factors K and K into equation (15) results in

2KaHggg + 2H,,,g,,, = KiNi (37)

In addition to mmf losses, there is also flux leakage. To account for flux leakage, the

leakage factor, K F, is added to equation (17) which results in

KFBgAg = B,,,A,,, (38)

Following through the previous development, equation (33) becomes

+ 2(p_° )(B,,,-B,.)g,,,=PoKiNi (39)2K Bggg

and from equation (38), equation (35) becomes



2B,.g,,12o KiNi -4---
I.to

Bg 2(Kagg + KFg" ) (40)

From equation (9) the actuator force becomes

[K_Ni + 2Brg" 12
; (41)

F,,, = I.loAx 4(Kagx + KFg,,)2

DESCRIPTION OF TEST FIXTURE

A simplified schematic of the magnetic actuator test fixture is shown in Fig. 4.

RS-232
Connections

Figure 4.- Schematic Of Magnetic Actuator Test Fixture

The stator was mounted to a precision positioner by an aluminum mounting bracket. The

armature was connected to a load cell through an aluminum mounting bracket and

aluminum shaft. The shaft was supported by a linear bearing, which restrained the



movement of the armature to 2 degrees-of-freedom, roll about the axial axis of the shaft
and lateral movement in the direction of the stator. The shaft was allowed to rotate

slightly so that torques would not be transmitted to the load cell, resulting in only the

lateral force being measured. The load cell had a maximum range of 50 lb. The positioner

was controlled by a PC using Labview 4.1. The signal from the load cell was conditioned

by a digital strain gauge indicator and then recorded by Labview. The actual test fixture is

shown in Figs. 5 and 6.

Figure 5.- Magnetic Actuator Test Fixture
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Figure 6.- Magnetic Actuator

The actuator components were constructed from a Connecticut Metal CMI-C cold drawn

iron rod. This material is manufactured for use in electromagnetic applications and has a

very low carbon content. The B-H curve for the material is shown in Fig. 7. The

permanent magnets for the permanent magnet flux bias configuration were constructed of

Neodymium-Iron-Boron (Nd-Fe-B) with a residual induction of 1.35 Tesla and a

coercivity of -9.7x105 A/m. The nominal operating gap for the magnetic actuator was set

at 0.05 in. which set the permanent magnet thickness at 0.05 in. also (see eq. 32). The

B-H curve for the Nd-Fe-B is shown in Fig. 8.
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Figure 7.- B-H Curve for Connecticut Steel CMI-C Cold Drawn Steel
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Figure 8.- B-H Curve for Neodymium-Iron-Boron Permanent Magnet
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The magnetic actuator design consisted of a simple horseshoe shaped stator and a

rectangular armature as shown in Fig. 9.
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Figure 9.- Design Of Magnetic Actuator Stator and Armature

The stator and the armature had constant cross sectional areas of 0.25 in 2. The stator had

a pole separation of 2 inches and a pole length of 1 inch. Both the stator and the armature

had extensions located on the back side corners to connect with the aluminum support
brackets. These were used to insure that the connection bolts did not reduce the cross

sectional area of the magnetic circuit and induce saturation. The connection extensions

were located at the edge of the stator and armature to minimize the effect on the magnetic

circuit, as is illustrated in Fig. 10.
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Figure 10.- Magnetic Potential Lines Near Connection Extensions

The magnetic actuator had two coils, one per pole. The coils were connected in series and
each coil had 1000 turns. The two coils had resistances of 9.32 f_ and 9.35 f_.

Each set of measurements was performed five times. The final data presented in

Appendix A is the average of the five data sets. The system was calibrated before and

after each experiment. The calibration procedure is described in detail in Appendix A. To

minimize hysterisis effects, the measurements were recorded in an increasing manner, i.e.

the force increment between data points was always positive, except when the force was

driven past the zero point of the actuator. The first measurement was taken at the negative

limit of the ampere-turns (minimum force) then proceeded to the positive limit

(maximum force). For each data point, the system was allowed to settle for 8 seconds to

allow the strain gauge signal to settle before the force was recorded.

The zero gap distance was set using the positioner and controller. The two poles of the

stator were lined up parallel with the armature. Once the two poles were parallel with the

armature, the positioner was advanced in 0.0001 increments toward the armature. For

the actuator with no flux bias, the positioner was moved until the armature and stator

came in contact and the load cell registered a reading. The positioner was then initialized

to zero displacement. For the actuator with flux bias, as the positioner moved the stator

toward the armature, the attractive force from the permanent magnet increased. At the

point of contact between the stator and the armature the force began to decrease. That

point was determined within 0.0001 and the positioner was initialized to zero

displacement.

COMPARISON OF IDEAL MODEL AND TEST FIXTURE RESULTS

As mentioned earlier, the nominal operating gap for the magnetic actuator was set at 0.05

in. Therefore, the results presented in the following sections are for this gap length.
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Magnetic Actuator With No Flux Bias

A plot of the ideal model and test fixture results for the magnetic actuator with no flux

bias is presented in figure 11. A second order trendline is drawn through the test fixture

data points.
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Figure 11.- Ideal Model And Test Fixture Results For Magnetic

Actuator with No Flux Bias (gg= 0.05 in.)

A plot of the percent (%) difference between data points obtained from the test fixture

(from the second order trendline) and ideal model is presented in figure 12. The percent
difference is defined as

#

% Difference = { Ffi_:'u"e- Fi_leal
k. f f i_:tHl'e

100 (42)

As can be seen from figure 11, the ideal model results differ significantly from the test

fixture results. From figure 12 the percent difference between the test fixture results and

the ideal model approaches --22% at Ni = 2200 amp-turns. Since the ideal model predicts

a force of 34.2 lb. at Ni = 2200 amp-turns, this translates into a difference of

approximately --6.1 lb.
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Figure 12.- % Difference Between Test Fixture And Ideal Model Results

For Magnetic Actuator With No Flux Bias (g_= 0.05 in.)

Magnetic Actuator With Permanent Magnet Flux Bias

A plot of the ideal model and test fixture results for the magnetic actuator with permanent

magnet flux bias is presented in figure 13. A second order trendline is drawn through the

test fixture data points.
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